We have shown previously that footshock stress and priming injections of cocaine reinstate cocaine seeking in rats after prolonged drug-free periods (Erb et al., 1996) . Here we examined the role of brain corticotropin-releasing factor (CRF) and the adrenal hormone corticosterone in stress-and cocaineinduced reinstatement of cocaine seeking in rats. The ability of footshock stress and priming injections of cocaine to induce relapse to cocaine seeking was studied after intracerebroventricular infusions of the CRF receptor antagonist D-Phe CRF 12-41 , after adrenalectomy, and after adrenalectomy with corticosterone replacement. Rats were allowed to selfadminister cocaine (1.0 mg/kg/infusion, i.v) for 3 hr daily for 10-14 d and were then placed on an extinction schedule during which saline was substituted for cocaine. Tests for reinstatement were given after intermittent footshock (10 min; 0.5 mA) and after priming injections of saline and cocaine (20 mg/kg, i.p.). Footshock reinstated cocaine seeking in both intact animals and animals with corticosterone replacement but not in adrenalectomized animals. The CRF receptor antagonist D-Phe CRF 12-41 blocked footshock-induced reinstatement at all doses tested in both intact animals and animals with corticosterone replacement. Reinstatement by priming injections of cocaine was only minimally attenuated by adrenalectomy and by pretreatment with D-Phe CRF . These data suggest that brain CRF plays a critical role in stress-induced, but only a modulatory role in cocaine-induced, reinstatement of cocaine seeking. Furthermore, the data show that although reinstatement of cocaine seeking by footshock stress requires minimal, basal, levels of corticosterone, stress-induced increases in corticosterone do not play a role in this effect.
In individuals with a history of cocaine self-administration, relapse to cocaine taking, even after prolonged periods of abstinence, is highly probable and remains the most difficult challenge for treatment. Little is known about the specific environmental factors that lead to relapse or about the neurobiological changes that may leave individuals vulnerable to relapse, but it is known that a "taste" of the drug itself can increase craving for cocaine in drug-free addicts (Jaffe et al., 1989) and reinstate drug seeking after periods of extinction in cocaine-experienced animals (de Wit and Stewart, 1981; Comer et al., 1995; Erb et al., 1996; Self et al., 1996) . Recently we (Erb et al., 1996) and others (Ahmed and Koob, 1997) have shown, using an animal model of relapse, that brief exposure to a stressor, long considered important for relapse in humans (Shiffman and Wills, 1985; Kosten et al., 1986; McFall et al., 1992) , is a powerf ul stimulus for reinstatement of cocaine seeking after extended drug-free periods, just as it is for the reinstatement of heroin seeking (Shaham and Stewart, 1995) . Furthermore, we found that in animals trained to self-administer cocaine, stress-induced relapse can be attenuated by systemic injections of butyl-[2,5-dimethyl-7-(2,4,6-trimethylphenyl)-7H-pyrrolo [2,3-d] pyrimidin-4-yl]-ethylamine (Shaham et al., 1998) , a nonpeptide corticotropin-releasing factor 1 (CRF 1 ) receptor antagonist (Chen et al., 1997) . Thus it seems that in cocaine-trained animals, as in those trained to self-administer heroin (Shaham et al., 1997) , CRF plays a significant role in stress-induced relapse. An important result from our previous studies on stress-induced relapse in heroin-trained animals was that manipulations of corticosterone were without effect, making it seem that the effects of CRF were independent of the hypothalamic-pituitary-adrenal (HPA) axis, acting directly in the brain to affect behavior (Menzaghi et al., 1993; Merlo Pich et al., 1995; Sarnyai et al., 1995) .
In the case of cocaine, however, there is reason to think that the HPA axis plays an important role in the behavioral effects of cocaine. Cocaine, itself, is known to cause a stress-like rise in corticosterone that is mediated by CRF secretion (Sarnyai et al., 1992) . When cocaine is administered intermittently over several days, this response to cocaine is maintained undiminished, as determined by levels of ACTH and corticosterone (Torres and Rivier, 1992) . In behavioral studies, it has been found that cocaine-induced locomotion is reduced by adrenalectomy or by corticosterone synthesis inhibitors such as metyrapone . In addition, rats with higher basal levels of corticosterone are more likely to initiate cocaine and amphetamine self-administration (Piazza et al., 1991; Goeders and Guerin, 1996a; Piazza and LeMoal, 1996) , and metyraponeinduced reductions of corticosterone attenuate the intake of cocaine during maintenance of self-administration Goeders and Guerin, 1996a) . Finally, there is one report that within a narrow dose range intravenous injections of corticosterone can reinstate cocaine-taking behavior in intact rats (Deroche et al., 1997) .
Because of their potential importance in relapse in animals self-administering cocaine, we studied, in the present experiment, the role of both CRF and corticosterone in stress-and cocaineinduced relapse to cocaine seeking. In all of the experiments, animals trained to self-administer cocaine intravenously were subsequently given several days of extinction training when saline was substituted for cocaine. After extinction, tests were given for reinstatement of cocaine seeking using brief exposure to footshock stress and priming (experimenter-delivered) injections of cocaine. To determine the separate roles of CRF and corticosterone on relapse induced by stress or cocaine, we studied the effects of central blockade of CRF receptors and manipulations of corticosterone using intact and adrenalectomized animals and animals adrenalectomized and given corticosterone replacement.
MATERIALS AND METHODS

General methods Subjects
Male L ong-Evans rats (375-450 gm; Charles River Laboratories, Wilmington, M A) served as subjects in these experiments. The animals were housed in a colony room for 2-3 weeks before surgery and were allowed to recover for at least 2 weeks before being transferred to the operant chambers where they were housed permanently for the duration of the experiment on a reverse light /dark cycle (lights on from 9:00 P.M. to 9:00 A.M.), with food and water available ad libitum.
Surger y
Intravenous catheterization. Animals were prepared with intravenous silastic catheters (Dow Corning, Midland, M I) in the right jugular vein under sodium pentobarbital anesthesia (65 mg / kg, i.p.; MTC Pharmaceutical, C ambridge, Ontario, C anada). Just before surgery, animals were given atropine sulfate (0.6 mg /ml; 0.3 ml /animal; MTC Pharmaceutical) and penicillin B (300,000 I U; 0.2 ml /animal; Wyeth-Ayerst, Montreal, Quebec, C anada). The catheter was secured to the vein with silk sutures and was passed subcutaneously to the top of the skull where it exited into a connector (a modified 22 gauge cannula; Plastics One, Roanoke, VA) mounted to the skull with jeweler's screws and dental cement. A plastic blocker was placed over the opening of the connector during the recovery period. After animals had been transferred to the operant chambers, the catheters were flushed daily with 0.1 ml of a saline -heparin solution (15 U/ml heparin; IC N Biochemicals, Montreal, Quebec, C anada).
Intraventricular cannulae. During surgery, each rat was also implanted with a 22 gauge guide cannula (Plastics One) from which the injector extended 1 mm to end in the left lateral ventricle. Stereotaxic coordinates used were as follows: Ϫ1.0 mm from bregma, ϩ1.4 mm lateral from the midline, and Ϫ3.7 mm from dura (Paxinos and Watson, 1986 ) measured from the tip of the injector. C annulae placements were verified by giving each rat an intracerebroventricular inf usion of angiotensin at 50 ng /2 ml and by observing subsequent drinking behavior. Placements were considered to be accurate if a rat drank within 1 min of the inf usion and sustained drinking over 2-3 min (Sakai et al., 1995) .
Adrenalectomy. Bilateral adrenalectomies were performed rapidly under methoxyflurane anesthesia (Metofane; Jannsen Pharmaceuticals, Mississauga, Ontario, C anada) the day after the last day of training, 1 to 2 hr after the start of the light cycle. Adrenalectomized animals were given physiological saline in their drinking bottles. In experiment 2, animals given corticosterone replacement (C ORT) had a pellet containing 50 mg of corticosterone and 50 mg of cholesterol implanted subcutaneously at the time of surgery (Meyer et al., 1979) , and corticosterone 21-hemisuccinate, in a concentration of 50 g /ml, was added to the drinking water (C ORT/ PW) . In experiment 3, only pellets were used to replace corticosterone (C ORT/ P). Animals in the sham group (SHAM) were exposed to the same surgical manipulations as the adrenalectomized groups (ADX) except that the adrenals were not removed and they were not given physiological saline to drink.
Measurement of plasma corticosterone
At the end of the experiment, tail blood was collected in heparinized tubes immediately before and after exposure to 10 min of footshock. A radioimmunoassay for plasma corticosterone was conducted to verif y that the adrenalectomies were complete. The assays were conducted with the help of C laire-Dominique Walker, Douglas Hospital Research C enter, McGill University, using a kit from IC N Biochemicals (Medicorp, Montreal, Quebec, C anada) and 125 I-corticosterone as the tracer. The limit of detection was 0.31 g /dl.
Apparatus
The operant chambers had two levers located 9 cm above the floor; one lever (an active, retractable lever; Med Associates, Lafayette, I N) activated the inf usion pump (Razel Scientific, Stamford, C T), and the other lever (an inactive, stationary lever) did not activate the inf usion pump, but all presses were recorded. Drug or saline was inf used at a volume of 0.13 ml during a 20 sec period. During the inf usion, a light located above the active lever was lit for 20 sec. Lever presses during those 20 sec were recorded but did not lead to f urther inf usions (time-out responses). Throughout the experiment, each session began by the introduction of the retractable lever and the illumination of the white light above the lever (for 30 sec) and of a red house light (for the entire session). The grid floors of the chambers were connected to electric shock generators (Grason-Stadler, West Concord, M A, or Med Associates).
Drugs
Cocaine HC l was obtained from BDH Chemicals, Poole, UK , and was dissolved in physiological saline. D-Phe CRF 12-41 (0.1, 0.3, and 1.0 g /rat), generously supplied to us by Jean Rivier, Salk Institute, La Jolla, CA, was dissolved in physiological saline.
Procedures
Experiment 1: effects of D-Phe CRF 12-41 on footshock-and cocaine-induced reinstatement of cocaine seeking in normal intact animals
In this experiment, the effects of blockade of CRF receptors on reinstatement induced by footshock and cocaine were studied using the CRF receptor antagonist D-Phe CRF 12-41 . D-Phe CRF 12-41 was inf used intracerebroventricularly in normal intact animals trained to self-administer cocaine.
The experiment was run in three phases: self-administration training, extinction, and testing for reinstatement. Each day, just before lights were turned off, rats were weighed, and the catheters were flushed with heparin. During the training and testing phases, animals were allowed to self-administer during one 3 hr session each day (7 d / week), 3-4 hr after lights were turned off. During extinction, animals received one or two 3 hr sessions/day; when more than one session was given in a day, the sessions were separated by 2 hr.
Training. Rats were trained to self-administer cocaine HC l (1.0 mg / kg /inf usion, i.v.) on a schedule of one response to one reinforcement. Rats were given between 10 and 14 training days; training conditions continued until stable responding (20% or less variation from day to day) was maintained over at least 8 consecutive days.
E xtinction. During extinction, conditions remained the same as those in training except that saline was substituted for cocaine. These extinction conditions remained in place until rats reached a baseline criterion level of responding of 10 or fewer responses in a 3 hr session. At this point, a few additional extinction sessions were given before intracerebroventricular inf usions of vehicle and intraperitoneal injections of saline were administered until animals habituated to the injection procedures and did not exceed 10 responses (saline inf usions ϩ time-out responses) in a 3 hr session. Animals were given a minimum of 5 d of extinction sessions; the number of days to reach criterion ranged from 5 to 14.
Tests for reinstatement. Animals were assigned to one of four pretreatment conditions: vehicle (n ϭ 10) or 0.1 g (n ϭ 9), 0.3 g (n ϭ 11), or 1.0 g (n ϭ 10) of D-Phe CRF 12-41 intracerebroventricularly. Inf usions were given 40 min before access to the lever during the tests for reinstatement (30 min before onset of footshock and 35 min before priming injections). The time interval between inf usions and exposure to footshock was chosen on the basis of the work of Menzaghi et al. (1994) . Animals in each pretreatment condition were tested on separate days after a priming injection of saline (physiological saline, 1.0 ml / kg, i.p.; 5 min before the start of the session) and a priming injection of cocaine (20 mg / kg, i.p.; 5 min before the start of the session) and after exposure to intermittent footshock (10 min; 0.5 mA; 0.5 sec on; mean off period of 40 sec; immediately before the start of the session). The dose of cocaine was chosen on the basis of a pilot study and on the basis of a previous study in which it was found to reinstate drug seeking reliably in rats trained to self-administer cocaine (Worley et al., 1994) . At this dose, reinstatement of responding does not occur immediately after the injection, but it can be shown (see Fig. 1 , bottom) that responding occurs primarily in the first hour, with some responding in the second. The footshock parameters are the same as those used in a previous study of relapse to cocaine seeking from this laboratory (Erb et al., 1996) . All rats received the saline test first; the order of the cocaine and footshock tests was counterbalanced over consecutive days. During the tests for reinstatement, extinction conditions remained; lever pressing resulted in intravenous inf usions of saline.
E xperiment 2: effects of adrenalectomy with and without corticosterone replacement on cocaine-and footshock-induced reinstatement of cocaine seeking
In experiment 2, the possible role of corticosterone in reinstatement induced by footshock and cocaine was studied using adrenalectomy with and without corticosterone replacement. Animals were trained to selfadminister cocaine and were adrenalectomized before the beginning of the extinction phase of the experiment.
The experiment was run in three phases: self-administration training, extinction, and testing for reinstatement. On the day after the final training session, animals were either adrenalectomized (ADX; n ϭ 11), adrenalectomized and given corticosterone replacement (C ORT/ PW; n ϭ 9), or given a sham surgery (SHAM; n ϭ 10). The animals were allowed 36 hr to recover from surgery before the start of the first extinction session. E xtinction proceeded under conditions similar to those of experiment 1. In experiment 2, however, after rats responded fewer than 15 times in a given 3 hr session, intraperitoneal injections of saline were given before each session to habituate the animals to injections and handling. The number of days of extinction to criterion ranged from 5 to 14. As in experiment 1, when an animal reached the criterion level of responding of 10 or fewer responses (saline inf usions ϩ time-out responses) on the active lever in a 3 hr session, testing for reinstatement began for that animal. All animals were tested after priming injections of saline and cocaine and after exposure to footshock. Animals received two cocaine tests and two footshock tests. As in experiment 1, the saline test was given first, followed by a cocaine and a footshock test on alternate days. Some animals received a cocaine test first, and others received a footshock test first. The parameters of the various test conditions were the same as those used in experiment 1.
E xperiment 3: effects of D-Phe CRF 12-41 on footshock-induced reinstatement of cocaine seeking in adrenalectomized animals with corticosterone replacement
E xperiment 3 was conducted to determine whether intracerebroventricular inf usions of the CRF receptor antagonist D-Phe CRF 12-41 could alter footshock-induced reinstatement of cocaine seeking via its direct actions on the C NS. To this end, the effects of intracerebroventricular inf usions were studied in adrenalectomized animals given corticosterone pellets sufficient to maintain steady plasma levels of corticosterone.
The training and extinction phases were conducted as described above. On the day after the final training session, animals were adrenalectomized and received corticosterone replacement pellets (C ORT/ P; n ϭ 5). E xtinction sessions were performed as described in experiment 1 and ranged from 6 to 10 d to criterion. In the reinstatement test phase, all animals were tested in both footshock and no-footshock conditions after pretreatment with both D-Phe CRF 12-41 (1.0 g, i.c.v.) and vehicle intracerebroventricularly. Thus, animals received a total of four tests for reinstatement: D-Phe CRF 12-41 ϩ no footshock; vehicle ϩ no footshock; D-Phe CRF 12-41 ϩ footshock; and vehicle ϩ footshock. The same footshock parameters used for experiments 1 and 2 were used. Three animals received D-Phe CRF 12-41 pretreatment first, and two received vehicle pretreatment first; within each pretreatment condition, the no-footshock test preceded the footshock test. The timing of the intracerebroventricular inf usions of D-Phe CRF 12-41 was as described in experiment 1.
Statistical anal yses
The dependent measures for the tests for reinstatement were numbers of responses on the active and inactive levers. Separate analyses were conducted for responding on each lever. In all experiments, the test condition (saline, cocaine, and footshock [experiments 1 and 2]; no footshock and footshock [E xperiment 3]) was the within-subjects factor. The dose of D-Phe CRF 12-41 (0, 0.1, 0.3, and 1.0 g) and the surgery condition (ADX, C ORT, and SHAM) served as the between-subjects factors in experiments 1 and 2, respectively; in experiment 3, the pretreatment condition (vehicle and D-Phe CRF 12-41 ) was a second withinsubjects factor. All behavioral data are presented as mean Ϯ SEM. Because of the very large differences in variability in the number of responses made in the different tests for reinstatement, the nonparametric statistics for related (Friedman and Wilcoxon) and nonrelated (Kruskal -Wallis and Mann -Whitney) samples were used. Fig. 1, Footshock] ; furthermore, the response to footshock under each of the doses did not differ from the response to saline. Although the effect of dose on reinstatement by the priming injection of cocaine was statistically significant [X 2 (3) ϭ 7.65; p ϭ 0.05], inspection of Figure 1 , Cocaine, shows that reinstatement was mildly attenuated and only at the lowest (0.1 g) and highest (1.0 g) doses but not at the intermediate dose.
RESULTS
Reinstatement test phase
In all cases, the response to cocaine was significantly greater than the response to saline.
Figure 1 (bottom) shows the mean number of responses made on the active lever at each hour of the tests for reinstatement under the various conditions. Kruskal-Wallis tests conducted for dose (0, 0.1, 0.3, and 1.0 g of D-Phe CRF 12-41 ) in each hour of testing revealed that the only significant dose effect was found in hour 1 of the footshock test.
In this and subsequent experiments, responding on the inactive lever was minimal (means ranging from 0.62 to 5.31), and in no case was there a significant effect of treatment on the number of responses on this lever. 
E xtinction phase
Because of the possible effects of adrenalectomy and corticosterone replacement on responding during extinction, data for the three groups (SHAM, ADX, and C ORT/ PW) were subjected to one-way ANOVAs for the number of days to criterion (mean Ϯ SEM, 7.78 Ϯ 0.86; 6.73 Ϯ 0.36; and 8.17 Ϯ 0. 
Reinstatement test phase
Figure 2 (top) shows the number of responses (mean of two tests) on the active lever (saline infusions ϩ time-out responses) for SHAM, ADX, and CORT/PW animals under the Saline, Footshock, and Cocaine test conditions. Both footshock stress and priming injections of cocaine reinstated cocaine seeking in SHAM and CORT/PW animals. Footshock stress, however, did not reinstate cocaine seeking in ADX animals. Kruskal-Wallis analyses for the factor of group (SHAM, ADX, and CORT/PW) performed for each of the test conditions, Saline, Footshock, and Top, The effect of adrenalectomy (ADX; n ϭ 11) and corticosterone replacement (C ORT/ PW; n ϭ 9) and sham surgery (SHAM; n ϭ 10) on the mean Ϯ SEM total number of responses (saline infusions ϩ time-out responses) on the active lever in 3 hr tests for reinstatement after Saline (physiological saline, 1.0 ml / kg, i.p.; 5 min before the start of the session), Footshock (intermittent footshock, 10 min; 0.5 mA; 0.5 sec on; mean off period of 40 sec; immediately before the start of the session), and Cocaine (20 mg / kg, i.p.; 5 min before the start of the session). Animals in each group (SHAM, ADX, and C ORT/ PW) were tested under all three test conditions. The asterisk indicates a difference from SHAM and C ORT/ PW in the Footshock test condition; Mann -Whitney ( p Ͻ 0.05). Bottom, The effect of adrenalectomy (ADX; n ϭ 11) and corticosterone replacement (C ORT/ PW; n ϭ 9) and sham surgery (SHAM; n ϭ 10) on the mean number of responses (saline inf usions ϩ time-out responses) on the active lever in each hour of the 3 hr tests for reinstatement. The asterisk indicates a difference from SHAM and C ORT/ PW in the Footshock test condition; Mann -Whitney ( p Ͻ 0.05). Figure 3 shows the mean number of responses made on the active lever (saline inf usions ϩ time-out responses) by C ORT/P animals during No-Footshock and Footshock test sessions after pretreatment with vehicle or D-Phe CRF . It can be seen that pretreatment with D-Phe CRF 12-41 greatly attenuated footshockinduced reinstatement. Although in both conditions there was an increase in responding on the active lever after footshock (Wilcoxon, p Ͻ 0.05), the level of responding in response to footshock after vehicle was significantly greater than that after D-Phe CRF 12-41 pretreatment (Wilcoxon, p Ͻ 0.05). There was no difference in responding between pretreatment conditions in the absence of footshock ( p ϭ 0.22). As in the other two experiments, the greatest number of responses after footshock occurred in the first hour of the sessions. It can be noted that the level of responding in the vehicle condition in this experiment was higher than that in similarly treated animals in experiment 2. This difference probably reflects the fact that there were fewer animals in experiment 3 and a higher degree of variability.
Cocaine, revealed a significant effect of group in the
Reinstatement test phase
Verification of adrenalectomy and corticosterone replacement
The concentration (g /dl) of corticosterone in plasma samples collected from rats before and after footshock (10 min; intermittent; 0.5 mA) was determined for the different groups of experiments 2 and 3. T wo animals showing significant increases in corticosterone in response to stress, indicative of incomplete removal of the adrenals, were excluded from the study. Plasma corticosterone concentrations from animals that received sham surgery (SHAM), adrenalectomy (ADX), or adrenalectomy with corticosterone replacement (C ORT/ PW and C ORT/P) are shown in Table 1 . The number of animals in each of the two CORT groups is reduced by one because of the loss of a single "before" or "after" sample. A two-way ANOVA for group by time (before and after stress) showed that there was a significant group effect [F (3,29) ϭ 36.17; p Ͻ 0.001]; SHAM animals had higher basal and stress levels of corticosterone than did all other groups. The levels in ADX animals were minimal and significantly different from those in all other groups. The significant group-bytime interaction [F (3,29) ϭ 3.0; p Ͻ 0.05] reflects the fact that only in the SHAM group was there an increase in levels in response to stress.
DISCUSSION
Stress-induced relapse
The primary finding from the present experiments is that the potent CRF receptor antagonist D-Phe CRF 12-41 suppressed footshock-induced relapse to cocaine seeking in intact animals and in adrenalectomized animals given corticosterone replacement. These data suggest that CRF can act directly in the brain, Table 1 . Plasma corticosterone levels (g/dl) immediately before and after 10 min of intermittent footshock stress
Group
Before After SHAM (n ϭ 10; experiment 2) 12.12 Ϯ 1.45 16.38 Ϯ 1.44 ADX (n ϭ 11; experiment 2) 0.73 Ϯ 0.38 0.82 Ϯ 0.51 C ORT/ PW (n ϭ 8; experiment 2) 9.27 Ϯ 1.25 8.08 Ϯ 1.40 C ORT/ P (n ϭ 4; experiment 3) 6.92 Ϯ 2.78 6.33 Ϯ 2.41 independent of its effects on the HPA axis, to mediate the effects of footshock on relapse. These effects of the CRF receptor antagonist on stress-induced reinstatement of cocaine seeking extend those from our previous studies with heroin-trained rats. We found that the peptide CRF receptor antagonist ␣-helical CRF and the nonpeptide CRF antagonist C P-154,526 attenuated stress-induced reinstatement of heroin seeking (Shaham et al., 1997 (Shaham et al., , 1998 . It is important to note, however, that pharmacological blockade of the CRF system seems to exert a stronger effect on stress-induced reinstatement in cocaine-trained rats compared with heroin-trained rats. In heroin-trained rats, antagonism of the CRF system decreased footshock-induced reinstatement by ϳ50%; responding, however, was significantly above the no-stress baseline levels (Shaham et al., 1997 (Shaham et al., , 1998 . In contrast, in cocainetrained rats, both peptide (present experiment) and nonpeptide (Shaham et al., 1998 ) CRF receptor antagonists completely blocked stress-induced reinstatement. Thus, it seems that, for reasons that are yet to be elucidated, the CRF system is more critically involved in stress-induced reinstatement in subjects previously exposed to cocaine. A second finding from the present experiments is that footshock did not induce reinstatement of cocaine seeking in adrenalectomized animals. This lack of response was reversed when adrenalectomized animals were given basal levels of corticosterone replacement. These findings indicate that although stressinduced reinstatement can occur in the absence of a stressinduced rise in corticosterone, some minimal level of corticosterone is necessary for the footshock stressor to induce reinstatement in cocaine-trained animals. The data are different from those obtained in our previous work with heroin-trained rats. We found that adrenalectomy did not attenuate stressinduced reinstatement in heroin-trained rats (Shaham et al., 1997) .
The differential effect of adrenalectomy on stress-induced reinstatement in cocaine-and heroin-trained animals may arise from the different effects of repeated exposure to these drugs on the response of the HPA axis. There is evidence that the cocaineinduced rise in corticosterone and AC TH does not diminish in animals given repeated intermittent injections of cocaine (Torres and Rivier, 1992) . In the case of opioid agonists, however, acute injections increase plasma corticosterone and AC TH levels, whereas repeated exposure leads to a complete tolerance of these effects (Pechnick, 1993) . For example, Buckingham and Cooper (1984) showed that acute injection of a moderate dose of morphine (20 mg / kg, i.p.) increased plasma levels of ACTH and corticosterone. However, after nine daily injections, plasma levels of the hormones were significantly below control levels. This difference in the effects of opioid agonists and cocaine on the HPA axis could have consequences of relevance for an understanding of the differential effect of adrenalectomy in cocaineand heroin-trained rats.
One possible consequence is that the self-administration of heroin and cocaine becomes differentially dependent on the presence of corticosterone during training and maintenance of the behavior. That is, responding becomes differentially statedependent. In the case of cocaine, responding for the drug is normally accompanied by increases in corticosterone, and thus some minimal level of corticosterone may be required to maintain responding, especially in the absence of cocaine and after extinction of the drug-related cues. In contrast, in the case of heroin, if after repeated drug self-administration levels of corticosterone are suppressed (a likely outcome in rats that self-administered a high unit dose of heroin, 0.1 mg/kg/infusion, for 9 hr/day), then adrenalectomy might have minimal consequences on responding during tests for reinstatement.
Another possible explanation for the effect of adrenalectomy on stress-induced reinstatement in cocaine-trained rats might arise from the effect of adrenalectomy on the functioning of the extrahypothalamic CRF system. Recent studies suggest that glucocorticoids regulate CRF expression in the amygdala and the locus coeruleus. These brain areas are involved in the stress response and in the behavioral effects of CRF (Dunn and Berridge, 1990; Valentino et al., 1993; Gray and Bingaman, 1996) and might also be involved in the effect of CRF in stress-induced relapse. Pavcovich and Valentino (1997) have reported that, although adrenalectomy increases the spontaneous discharge rate of locus coeruleus neurons, the dose-effect curve for CRF increases in neuronal firing is shifted to the right. Makino et al. (1994a,b) reported that adrenalectomy modestly decreased, whereas high doses of corticosterone increased, CRF mRNA in the central nucleus of the amygdala. Finally and perhaps most relevant to the present set of data is the observation that in adrenalectomized rats administration of corticosterone results in a dose-dependent increase in the expression of CRF mRNA in the central nucleus of the amygdala (Swanson and Simmon, 1989) . These studies suggest that CRF functioning in the locus coeruleus and in the amygdala may be attenuated in adrenalectomized rats. It is possible, therefore, that in adrenalectomized animals, the CRF response to footshock in these brain areas is reduced, resulting in decreased responsiveness to the stressor in tests for reinstatement. One weakness of this latter argument is that adrenalectomy failed to attenuate stress-induced reinstatement in heroin-trained rats (Shaham et al., 1997) . It should be noted, however, that, as mentioned above, the effect of blockade of CRF receptors on stress-induced reinstatement is considerably greater in cocaine-trained rats than in heroin-trained rats.
Cocaine-induced relapse
In this series of experiments, we also assessed the role of CRF and corticosterone in reinstatement induced by priming injections of cocaine. In experiment 1, it was found that pretreatment with the CRF antagonist had some effect on cocaine-induced reinstatement; responding was mildly attenuated both at the lowest (0.1 g) and the highest (1.0 g) doses of D-Phe CRF 12-41 tested but, unaccountably, not at the intermediate dose. These findings suggest that although the activation of CRF receptors is not critical for cocaine-induced relapse, CRF plays a modulatory role in reinstatement by cocaine, possibly via its interactions with the midbrain dopamine (DA) system known to be involved in cocaine-induced reinstatement. Activation of this system has been shown to mediate reinstatement by both stimulant and opioid drugs (Stewart, 1984; Stewart and Vezina, 1988) , and there is evidence that CRF has effects on this system. For example, CRF has been shown to induce behavioral sensitization to D-amphetamine (Cador et al., 1993) and to increase DA use in terminal regions of the mesolimbic DA system (Lavicky and Dunn, 1993) . However, it has been found that maintenance of cocaine self-administration is not affected by blockade of CRF receptors (Ahmed et al., 1996) .
Another important finding from the present study is that corticosterone appeared to be only minimally involved in reinstatement induced by priming injections of cocaine. Adrenalectomy did not block reinstatement by the priming injections of cocaine. Although there was a modest attenuation of responding in adre-nalectomized animals, the number of responses was well above that seen after the priming injections of saline (Fig. 2) . Furthermore, the fact that corticosterone replacement had little effect in adrenalectomized animals suggests that, in contrast to footshockinduced reinstatement, minimal levels of corticosterone are not required for cocaine-induced reinstatement.
It is somewhat surprising that adrenalectomy had little effect on cocaine-induced reinstatement, given that adrenalectomy and administration of synthesis inhibitors of corticosterone have been shown to reduce the reinforcing effects of cocaine and cocaineinduced locomotion. Both adrenalectomy and synthesis inhibitors of corticosterone interfere with the initiation and maintenance of cocaine self-administration Goeders and Guerin, 1996a,b; Deroche et al., 1997) and reduce the acute psychomotor effects of cocaine . Piazza and colleagues have argued on the basis of these data that corticosterone tonically enhances dopaminergic transmission in the midbrain dopamine system . It may well be, therefore, that the effects of adrenalectomy on cocaine-induced behaviors will be less obvious at doses of the drug that are sufficiently high to overcome any effect of reduced dopaminergic tone. Thus, it is possible that adrenalectomy would attenuate reinstatement by lower doses of cocaine than that used in the present experiments.
Implications for the neurobiology of relapse
The differential effect of the CRF antagonist on reinstatement induced by stress and by priming injections of cocaine lends support to the view that the neural and hormonal mechanisms underlying stress-induced reinstatement are not identical to those underlying drug-induced reinstatement (Shaham et al., 1997) . In our experiments, stress-induced reinstatement was completely blocked (cocaine-trained rats) or attenuated (heroin-trained rats) by CRF antagonists. In these experiments, however, antagonism of CRF receptors had minimal effects on reinstatement induced by priming injections of drugs. As mentioned before, previous work has identified the mesolimbic DA system as the primary site for reinstatement induced by priming injections of heroin and cocaine (Stewart, 1984; Stewart and Vezina, 1988; Wise et al., 1990; Self et al., 1996 Self et al., , 1998 Shaham and Stewart, 1996) . Our recent studies suggest that CRF plays a major role in relapse to heroin and cocaine induced by exposure to stress. Our data also provide conclusive evidence that CRF exerts its effects on stressinduced relapse by its actions on extrahypothalamic brain sites. These data, together with that from recent studies indicating an important role of extrahypothalamic CRF in the aversive effects of drug withdrawal (Menzaghi et al., 1994; Heinrichs et al., 1995; Sarnyai et al., 1995; Koob, 1996) , indicate that alterations in the CRF system in the brain may play a major role in compulsive drug use.
